INTRODUCTION
Approximately 10 million cows are fed each day in the US. Feed consumption by lactating cows is estimated to be about 64 million tonnedyr of DM (6.4 Mg/yr of DM per cow) to produce about 70 billion kg of milk (mean: 7000 kg/yr per cow). The conversion efficiency of feed to milk is estimated to be as high as 1.4 kg of milkkg of DMI (11,300 kg of milk17700 kg of DMI) for high producing herds. However, the mean feed conversion efficiency is about 1.1 kg of milkkg of DMI (7000 kg of milk16350 kg of DMI) for average producing herds. Some of the gap between the average (1.1 kg/kg) and the high producing herds (1.4 kgkg) is likely related to nutritional imbalances and variability in feed provided to cows on many dairy farms. Unfortunately, many dairy farmers do not, and sometimes cannot, economically or adequately control the feeding program, and a gap exists between potential and actual performance. Errors in feed formulation likely account for the largest variation in nutrient intake by dairy cows (5) . The daily management and delivery system can be the weak link of the TMR feeding system (8).
A key to high production and efficiency by all types of livestock is adequate and consistent daily amounts of required nutrients (7) . Errors in nutrient analyses, diet formulation, or regular provision of these diets can decrease performance and profit potential. For dairy cows, nutrient analyses of forage and grains and computer formulations of TMR must be periodically performed during the year to control the variability of the feed offered (8). The TMR also should be tested periodically and whenever feed problems are encountered.
Chandler (4) suggested that the difference between the formulated TMR and the daily TMR consumed by the cows is often the reason for less than optimal performance.
Techniques for dealing with uncertainty during TMR formulation (usually by computer) have been outlined in various forms (2, 11, 12, 13) . When cows are fed a TMR, a practical approach for determination of nutrient concentrations uses lead factors (10). To consider variability of feedstuffs, safety factors are often employed (1) . Although those studies have addressed TMR formulation, they do not address uncertainty, errors, or variation of TMR as prepared and fed to dairy cows. Sniffen et al. (9) suggested that on-farm variance requires increased frequency of measurement of input parameters of feeding systems. To increase accuracy of feed delivery, some inputs should be measured continuously, some daily, and some weekly. Uncertainty analysis can identify those inputs that should be measured more accurately (hence, more frequently).
Given the DM content and nutrient description of several feeds to be considered, a TMR can be formulated for deviations from the means; this technique has been used to illustrate the importance of particular measures (4, 7). These examples are useful for teaching, but TMR formulation by differing uncertainty in several characteristics and feeds would be time-consuming and is rarely done. Uncertainty analysis can provide this information with little effort. Variation in nutritive value of feed in TMR consumed by cows can result from several factors. Deviation from the TMR as formulated can result from weighing errors, errors or variation in the DM content of the ingredients, and errors and variation in nutrient sampling and analysis. Stranks et al. (14) discussed sources of variation among samples of the same feed type, even within the same batch. The objective of this study was not to determine the magnitude, but rather to illustrate the use of this information. Although variation among batches is considered here rather than variation within batches, variation among bites within a TMR also may be considerable because of mixer performance or management. This variation within batches has also been studied (3) .
Uncertainty analysis is one method of evaluating the effect of errors that may propagate. It is realistic to expect that errors will combine with beneficial cancelling effects; i.e., not all measurements will be at their maximum uncertainties at the same time. Uncertainty analysis is a straightforward, mathematical evaluation of a function dependent upon several independent measures that is commonly applied in problems of measurement and instrumentation for which the needed accuracy must be determined (6) . For example, if the diameter of a sphere, expected to be near 10 cm, is to be measured so that volume can be calculated, uncertainty analysis can be used to determine quickly the accuracy of the diameter measurement needed to get the volume within target limits. This process is directly analogous to TMR in which the amounts, DM contents, and nutritive values of ingredients are to be measured. Uncertainty analysis can be used to determine the accuracy of these independent measurements needed to maintain certain TMR characteristics within limits.
The uncertainty in a measure should be distinguished from the precision of measurement. Although a scale system may measure to the nearest 2 kg, the uncertainty in the amount in a particular batch may be different With these considerations, the objectives of this study were to apply uncertainty analysis to a mixed livestock TMR formula, to determine effects of input measures on the uncertainty of the resultant nutrient concentrations, and to develop a spreadsheet template that would be useful for identifying key contributors to feed mix uncertainty given specific TMR information.
MATERIALS AND METHODS
Application of uncertainty relationships requires a mathematical function of interest. Consider a TMR formulated with n ingredients. The expected value of a nutritive characteristic (e.g., trace mineral, CP, ADF, concentration of an adjusted nutrient characteristic, and multiplicative availability factor (e.g., ruminal undegradability of protein).
Uncertainty exists in the independent measurements of amount, DM content, nutritive characteristic, and, if applicable, the availability factor associated with each ingredient in the TMR. Each of these uncertainties contributes nonlinearly to the uncertainty in the nutritive characteristic of the TMR. Doebelin (6) reviews the mathematics of uncertainty in a value that is a function of several independent measurements. If the bounds on the independent measurements are absolute (e.g., I1 unit of deviation around a [41 where UF = uncertainty in calculated characteristic F. k = number of independent measures used to compute F, U, = uncertainty associated with measure j, and x, = independent measures used in a function to calculate F [i.e., F = f(x1, x2
The uncertainty of each measure, U,, must have the units of the measure itself. Then, U has the same units as F. For feed mixing, the F function of Equation [4] is C, in Equation [l] or C, in Equation [3] ; the x, terms are the amounts, DM contents, and nutritive characteristics of each ingredient.
The bounds on the independent measurements more likely are not absolute but have statistical inference (e.g., 90% probability of I1 SD around a mean of 15). In this case, if the errors are assumed to be normally distributed, the uncertainty in a calculated characteristic is (6)
The expansion of this relationship for nutritive characteristics in a feed mix (based on Equation [l] ) is Equation [6] indicates that each ingredient in the TMR has three contributors to the uncertainty of any one nutritive characteristic meas-ure in the TMR (amount, DM content, and nutritive characteristic of the ingredient). A five-ingredient TMR would have 15 contributors to uncertainty in the CP of the TMR. The uncertainty values are neither additive nor multiplicative. The arguments to the U, terms suggest, for example, that uncertainty in amount of an ingredient (UM ) affects resulting uncertainty more if an ingrechent has high DM content or has a nutrient concentration much higher or lower than that of the TMR. Similarly, uncertainty in ingredient DM content has more effect on resulting uncertainty when large amounts of the ingredient are in the TMR or when the ingredient has a nutrient concentration much higher or lower than that of the TMR. Uncertainty in ingredient nutritive concentration has more effect on resulting uncertainty if a large amount of the ingredient is in the mix or if the ingredient has a large DM content.
For a nutritive characteristic with a multiplicative availability factor, such as RUP or soluble protein, the expansion for a TMR (based on Equation [3] ) is Di(Ai x Cj -Cm)U
I'
To determine uncertainty associated with a TMR, Equation [6] or [7] should be solved. Inputs on the right-hand side include the ration formulation (recipe) and the uncertainties associated with the ingredients.
RESULTS AND DISCUSSION
Results of uncertainty analysis are presented here for an example TMR batch for 50 lactating dairy cows fed twice daily (Table 1) . For the 935-kg batch, the expected nutrient concentrations in this TMR are 16.7% CP of which 32.6% is RUP and 31.7% NDF. Typical uncertainties associated with each ingredient are in Table 1 as 90% confidence intervals. Because of the crop growth patterns and harvest operations, corn silage is usually more consistent out of storage than alfalfa silage; therefore, the DM content of corn silage can be expected to vary less than that of alfalfa silage. Wheat middlings may vary because it is a byproduct of other processing. Shelled corn and soybean meal, as mill items, have less variability than other ingredients in DM content and nutrient concentrations. Stranks et al. (14) discuss sources of variation among samples of the same feed type, even within the same batch. The intent of this manuscript is not to determine the magnitudes, but to illustrate how to use this information once it is known.
With uncertainty, as indicated in Table 1 , the CP concentration of the TMR is 16.7 k .46%; NDF concentration is 31.7 f 37%. The amount of RUP is 5.43 f .71% of DM.
Statistical inference of all resultant uncertainties are the same as those of the input uncertainties. Hence, if inputs are 90% confidence limits, the resulting uncertainty is the 90% confidence interval; if inputs were 1 standard deviation around the mean, resulting uncertainty would be 1 standard deviation around the mean. Table 2 illustrates the magnitude of the contributions of individual terms in Equations [6] and [7] to the resulting uncertainty in CP, NDF, and RUP. Values in the table are percentages of the sums of squares in Equations [6] and [7] . Large terms identify large contributions to resulting uncertainty. For example, to reduce CP variability among batches of feed (with this example), the amount of soybean meal (contributing 33% of the total sum) and nutrient concentration of alfalfa silage (30%) should be more precisely measured or controlled. The other ingredient nutrient concentrations (7.4, 11, 4.7, and 4.7%) or the DM content of corn silage (6.6%) could also be targets for better measurement because they each contribute >5% individually to the sum in Equation [6] . Conversely, more accurate weighing of the forages (.04 and .3 1 %), shelled corn (1.3%), or wheat middlings (09%) or more accurate estimation of DM content of the alfalfa silage (.73%) or concentrate supplements (.25, .66, and .01%) does not greatly reduce CP variability among TMR.
Sensitivity of resulting uncertainty to independent measures depends upon the measure of interest. For example, the uncertainty in CP concentration of alfalfa silage contributed very little (.66%) to the resulting uncertainty of RUP in the TMR, yet contributed a large amount (30%) to the resulting uncertainty of CP in the TMR (Table 2) ; this uncertainty is due to the relatively high level of uncertainty in ruminal undegradability of protein. Similarly, uncertainty in the amount of soybean meal contributed most (33%) to resulting uncertainty in CP of the TMR, yet uncertainty in the amount of soybean meal contributed very little (2.5%) to resulting uncertainty in NDF of the TMR. To reduce variability in NDF concentration of the TMR, the focus should be on better measurement of NDF concentrations of alfalfa silage and corn silage because they each contribute 33% to the total sum (Table 2) . To reduce variability in RUP among TMR batches, RUP in alfalfa silage (45%) and soybean meal (31%) should be more accurately measured because they are the largest contributors to overall uncertainty. For the composition and ingredient variability of the TMR (Table I) , the effect of weighing uncertainty is illustrated in Figure 1 . That graph illustrates that, although not intuitively obvious, increasing scale precision below k.5% (It5 kg in a 935-kg batch) does not significantly reduce uncertainty in the TMR. Control of amount within 1.5% is of little consequence when DM, CP, and NDF uncertainties are as indicated in Table 1 . Controlling amount within 1% may seem acceptable, but it is relatively inexpensive to increase weighing accuracy to fS%. Estimates of uncertainties of DM contents and nutrient concentrations (Table l) suggest minimum uncertainties of f 2 or 3% of the NDF and CP concentrations, regardless of weighing uncertainties. Figure 2 illustrates the effect of uncertainty of DM content on resulting uncertainty with all other inputs, as indicated in Table 1 , and shows that measurement of DM content to within 1 percentage unit helps to reduce overall uncertainty. The precision needed depends on the acceptable uncertainty; if errors within 5% of the mean are acceptable, DM content measures within f8.0 percentage units are sufficient. However, uncertainty in DM of forages contributes more to overall uncertainty than does uncertainty in DM of concentrates.
Errors in NDF or CP concentrations of 4.7% of the mean cannot be achieved by improvement of DM estimates alone. Figure 3 illustrates the effect of uncertainty in ingredient nutrient concentrations on resulting uncertainty with all other inputs as indicated in Table 1 . Except for very low uncertainty in ingredient nutritive measures (c. 5 percentage units of CP or NDF), resulting uncertainty is proportional to the uncertainty in nutritive estimates. This relationship indicates the need for proper sampling and for careful measurement of nutritive characteristics. To maintain the resulting uncertainty in CP concentration 4% of the CP concentration, the CP of each ingredient must be measured to within f1.5% of DM. For comparison (with all other uncertainties, as in Table 1 ). controlling the amount to within f1.3% of batch weight (f12 kg in a batch of 935 kg) or measuring DM content within f 1 0 percentage units con- In certain circumstances, nearly equal contributing terms are desirable (in the uncertainty Equation [ 5 ] ) to ensure that no measure contributes excessively to the resulting uncertainty or is more precise than necessary. For feed mixing, equal contributing terms are not necessarily the goal because of the relatively low cost and simplicity of precise weighing. The terms associated with uncertainty in amount should, appropriately, be smaller than other terms. Likewise, because DM content is an onfarm measure, terms associated with DM uncertainty could be reasonably less than those associated with uncertainty in nutrient concen- tration. Nevertheless, Table 3 illustrates comparable uncertainties among types of measures when each type of measure (amount, DM content, nutrient concentration, or availability factor) contributes the same amount to overall uncertainty because some balance of contributions to uncertainty is beneficial. Table 3 indicates (for the example TMR in Table 1 ) that, to keep CP concentration within 5% of its expected value (16.7 f .84% of DM), amounts of ingredients need to be known within about .9% of batch size (8.1 kg in a 935 kg batch), DM contents of the ingredients need to be known within about 6.5%, and CP concentrations of ingredients need to be known within about .99 percentage units. Maintenance of NDF concentration to within 5% of the expected value (3 1.7 * 1.6% of DM) requires amounts to be known within +1.9% of batch size (18 kg in a 935-kg batch), DM content f6.0%, and NDF concentration within +I .9 percentage units. Based on these results, but without consideration of mixer performance effects, CP and NDF concentrations of T M R on farms likely vary by 210% regularly but could be maintained at f5% with relatively little effort or change in equipment by selective sampling and control of the most critical measures.
Maintaining RUP concentration within 5% of the expected value (32.6 f 1.6% of CP) would require that amounts be known within +.7% of batch size (6.4 kg in a 935-kg batch), DM contents within 5.4 percentage units, CP concentration within .72% of DM, and undegradability of the protein within 1.7% of CP. At this sensitivity, the RUP concentrations in TMR on farms likely would vary by 210% of the expected value without consideration of variation induced by mixer performance. ' A spreadsheet implementation of the uncertainty for TMR is available (Figure 4) and can be easily used to in conjunction with a TMR formulation plan to identify, numerically and graphically, the most critical measurements for controlling TMR variability. The spreadsheet template works with metric or English units and is available in Excel 4.0 for Windows (Microsoft Corporation, Redmond, WA) or Lotus 1-2-3 (*.WKI; Lotus Development Corporation, Cambridge, MA) format for MS-DOS computers. The spreadsheet software (or compatible) is needed. Persons desiring a copy of the spreadsheet template should send a formatted diskette (labeled with the type of format, e.g., IBM 1.44 MB) along with a selfaddressed, stamped diskette mailer to the senior author.
Journal of Dairy Science Vol. 77, No. 12, 1994 AND MULLER Uncertainty analysis could also be applied to other characteristics of a TMR such as mineral concentrations or energy content. Uncertainty of a nutrient measure in a mixture decreases as the number of ingredients increases if the ingredients have similar variabilities. However, as the number of ingredients increases, the potential for variation that is due to incomplete mixing increases. Results presented here are exemplary but will not hold exactly for other TMR. Uncertainty analysis, perhaps via spreadsheet,l should be applied to individual ration plans to determine those measures that should be more tightly controlled or measured. 
CONCLUSIONS
Uncertainty analysis applied to a TMR formula is straightforward. After allowable limits for resulting uncertainty are identified, limits for uncertainty in input characteristics can be determined for individual TMR formulations. This procedure can help focus feeding management on the most critical measurements for TMR consistency. Application to an example TMR indicates that controlling amounts of ingredients within 1% results in 15% uncertainty in nutrient concentrations in the TMR given current techniques for measuring DM, CP, and NDF concentrations. To reduce variability among batches, the focus for improving measurements should be on nutrient concentrations and amounts of ingredients with high nutrient concentrations.
